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Chapter	 1	 discusses	 how	 dysregulation	 of	 thiol-	 or	 carboxylic	 acid-containing	
metabolites	 is	 either	 the	 cause	 or	 effect	 of	 cellular	 dysfunction.	 	 Quantifying	 such	
metabolites	 is	 important	 in	discovery	of	pathways	 to	understand	etiology	of	diseases.		
Chapter	1	also	discusses	the	need	for	sustainable	syntheses	using	renewable	resources	
and	describes	the	traditional	methods	for	isolation	of	sugars	from	biomass	hydrolyzates.	
Chapter	 2	describes	 the	design,	 synthesis	 and	use	of	 the	 iodoacetamide-based	








carboxylic	 acids	 via	 formation	 of	 a	 six-member	 cationic	 N,B,C,O	 heteroaromatic	 ring.		
Although	 the	 reagent	 proved	 to	 be	 impractical	 for	 use	 in	 metabolite	 analysis	 due	 to	
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Metabolomics	 is	 the	 systematic	 study	 of	 low	molecular	weight	 substrates	 and	
byproducts	of	phenotypic	metabolism.	 	Roger	Williams	first	reported	 in	the	 late	1940s	
that	metabolites	 observed	 in	 bodily	 fluids,	 such	 as	 saliva	 and	 urine,	 could	 be	 used	 to	
uncover	pathology	[1].		Technological	advancements	in	analytical	instrumentation	during	
1950	–	1970s	paved	the	way	for	high	throughput	and	quantitative	analysis	of	metabolites.		
Horning	et	al.	 introduced	 the	 term	“metabolite	profiling”	 in	1971	when	 they	used	gas	





other	 “omics”	 fields,	 such	 as	 genomics,	 transcriptomics	 and	 proteomics.	 	 Proteins	 or	




The	 chemical	 entities	 generated	 by	 metabolic	 processes	 are	 a	 result	 of	 genomic,	
transcriptomic,	 and	 proteomic	 variability,	 therefore	 metabolomics	 provides	 the	 most	




Metabolomics	 can	 be	 broadly	 divided	 into	 two	 categories:	 targeted	 and	










that	 require	specialized	software	 for	analysis	 [9,10].	 	Although	 the	data	collection	and	
analysis	 can	 be	 cumbersome	 for	 untargeted	 metabolomics,	 this	 approach	 leads	 to	
discovery	 of	 uncharacterized	 molecules	 and	 discovery	 of	 new	 pathways.	 	 Another	







of	 natural	 products	 have	 been	 utilized	 in	 phylogenetic	 assignment,	 biosynthetic	
transformation	of	natural	products	and	detection	of	preclinical	biomarkers	[13].			
This	 thesis	 focuses	 primarily	 on	 targeted	 metabolite	 isolation	 and	 analysis.		
Specifically,	new	approaches	for	analysis	of	polar	thiols,	lipidic	carboxylates	and	biomass	
sugars	(diols)	are	described.		The	significance	of	these	metabolite	classes	as	well	as	the	











The	thiol	 functionality	 is	essential	 for	numerous	metabolic	processes	to	occur,	such	as	
























Dysregulation	 of	 thiol	 metabolism	 is	 implicated	 in	 the	 occurrence	 of	 several	




administration	 of	 reduced	 GSH	 to	 patients	 alleviated	 some	 symptoms	 of	 PD	 [26].		
Synthesis	of	taurine	is	up-regulated	in	nearly	all	cancers	[27–32],	glutathione	in	brain	and	
CNS	cancers	[33],	cysteine	in	ovarian	cancers	[34,35],	and	cystamine	in	colorectal	cancers	
[36].	 	 GSH	 levels	 are	 depleted	 in	 plasma,	 epithelial	 lining	 fluid	 (ELF),	 peripheral	 blood	
mono	nuclear	cells	and	monocytes	in	asymptomatic	HIV-infected	individuals	and	in	AIDS	
patients	 [37].	 	 Stunted	GSH	production	 in	 liver	 due	 to	 hereditary	 disorders	 or	 dietary	
deficiencies	 can	 disrupt	 detoxification	 functions	 of	 this	 organ	 and	 cause	 a	 number	 of	
pathologies.		Mitochondrial	GSH	depletion	exacerbates	ROS	damage	in	liver	cells	causing	
cirrhosis	in	alcoholics	[38].		Patients	with	cystic	fibrosis	frequently	have	higher	levels	of	
lipid	 peroxidation	 byproducts	 [39,40],	 caused	 by	 progressing	 GSH	 deficiency.	 	 Thus	
changes	in	GSH:GSSG	ratio	is	associated	with	either	cause,	effect	or	cure	of	a	wide	range	







analysis	 of	 thiol	 metabolites.	 	 A	 major	 criterion	 in	 the	 design	 of	 such	 a	 probe	 is	 to	
determine	the	exact	mass	of	the	thiol	metabolite	as	well	as	to	serve	as	a	quantification	
tool.	 	 For	 this	purpose,	we	used	MS	as	 the	principal	 tool	 for	 analyses.	 	 Therefore,	we	
designed	 a	 reagent	 that	 would	 react	 rapidly	 with	 thiols	 and	 allow	 separation	 of	 the	






increasing	 capabilities	 of	 instruments,	 particularly	 with	 regard	 to	 improvements	 in	
instrument	sensitivity	and	resolution.		Efforts	also	seek	to	create	processes	that	enhance	
the	quality	 of	 samples	 generated	 for	 targeted	 studies.	 	 Instrumental	 analysis	 of	 thiols	
using	MS	or	NMR	can	become	complex	unless	a	targeted	set	of	metabolites	is	processed	
from	a	phenotype	of	interest	via	a	purification	technique.		Such	processes	can	be	tedious,	
time	 consuming	 and	 can	 generate	 errors.	 	 To	 overcome	 such	 challenges	 a	 number	 of	
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spectrometric	 (MS)	 analysis	 of	 the	 adduct.	 	 For	 example,	 monobromobimane	 1	 is	 a	
commonly	used	fluorescence	reagent	that	reacts	with	thiols	via	bromide	displacement	
[42].		The	adduct	fluorescence	is	then	measured	after	washing	off	any	unreacted	reagent	
to	quantitate	total	 thiol	concentration	 in	cellular	matrices.	 	Other	such	reactive	motifs	





to	2	hours,	at	 temperatures	between	25°C	and	60	 °C	usually	at	pH	7.5	or	higher	 [46].		
Rapid	 alkylation	 and	 high	 instrumental	 sensitivity	 have	 made	 these	 techniques	 very	









1.5)	 contains	 an	 electron	 deficient	 phenyl	 ring.	 	 This	 electron	 deficiency	 causes	
photoinduced	 electron	 transfer	 (PET)	 to	 occur	 to	 quench	 fluorescence	 of	 an	 attached	
fluorophore.		Upon	reaction	with	thiols,	the	DNBS	group	is	released	from	the	fluorophore	




over	 time.	 	 Another	 fluorophore-DNBS	 reagent,	 compound	 9,	 features	 a	 conjugated	
system	with	a	p	donor	acceptor	manifold	 that	 is	 triggered	upon	amine	 release	due	 to	
nucleophilic	 reaction	 of	 thiol	 on	 the	 DNBS	 motif.	 	 Once	 again,	 reaction	 with	 a	 thiol	

































Conjugate	 Addition.	 	 Thiols	 readily	 add	 to	Michael	 acceptors,	 such	 as	N-ethyl	
maleimide	(NEM,	Figure	1.6).	 	NEM	is	frequently	used	to	block	the	redox	flux	by	rapid	





analysis	 [47].	 	 Detection	 is	 facilitated	 by	 PET-based	 quenching	 of	 fluorescence	 by	 the	





































































































is	 limited	 to	 fluorescence	 based	 quantitative	 analyses	 as	 they	 provide	 no	 molecular	




(Scheme	1.1)	disrupts	 conjugation	 resulting	 in	 changes	 fluorescence	 in	 visible	and	NIR	
regions.	 	This	change	 in	UV	absorption	has	been	exploited	to	analyze	thiols	using	near	
infrared	 (NIR)	 spectroscopy	 [50].	 	 For	 example,	 a	 PET	 fluorescence	 quenching	 unit	







































































based	 on	 the	 same	 principle.	 	 An	 interesting	 example	 is	 the	 Ratio-HPSSC	 probe	 28	
developed	 by	 Lin	 et	 al.	 (Figure	 1.7).	 	 This	 probe	 consists	 of	 a	 tetrakis(4-
hydroxyphenyl)porphyrin	 scaffold	 linked	 to	 coumarin	 via	 a	 disulfide	 bond.	 	 The	
fluorescence	of	coumarin	is	quenched	via	Förster	resonance	energy	transfer	(FRET)	to	the	



























Fluorescence is quenched as long as the porphyrin ring is nearby
		
15	
porphyrin,	 respectively.	 	 Disulfide	 bond	 cleavage	 triggers	 FRET	 disruption	 thereby	
restoring	fluorescence	of	coumarin	[54].			
Drug	 release	 via	 substrate	 cyclization	 is	 a	popular	 technique	employed	 in	drug	
delivery	research.		In	recent	years	this	technology	has	gained	some	popularity	in	analyses	









N	 bond	 cleavage	 to	 form	 Se–S	 bond	 for	 MS	 analysis	 [56].	 	 Ebselen,	 2-phenyl-1,2-
benzisoselenazol-3(2H)-one	31	(Scheme	1.4),	is	considered	as	a	mimetic	of	GSHPrx	[57].		
The	 proposed	 mechanism	 for	 ebselen-catalyzed	 thiol	 oxidation	 involves	 Se-N	 bond	
cleavage	by	thiol	RSH	to	produce	the	corresponding	selenenyl	sulfide	Se-S.			








Φ = standard or fluorescence agent

























































is	of	utmost	 importance	 in	conservation	of	metabolic	 sub-pathways	such	as	glycolysis,	
gluconeogenesis,	the	pentose	phosphate	pathway,	and	the	tri-carboxylic	acid	(TCA)	cycle.	
The	keto-	and	poly-carboxylic	 intermediates	of	 the	TCA	cycle	act	as	 substrates	 for	 the	
biosynthesis	 of	 other	 biomolecules,	 such	 as	 amino	 acids.	 	 The	 TCA	 cycle	 is	 indirectly	
responsible	for	production	of	usable	energy	in	the	form	of	adenosine	triphosphate.			







































































with glycine, glutamine, taurine
Carnitine-ester formation
β-oxidation
Chain elongation (lipid-neogenesis pathway)



















































































1-O-acyl	 glucuronide	 to	 the	 isomers	 2-,	 3-	 and	 4-O-acyl	 glucuronide	 and	 subsequent	
reaction	 of	 the	 free	 aldehyde	 with	 an	 amino-group.	 	 Pathway	 C	 shows	 the	 reaction	
between	a	thio-ester	and	a	nucleophile,	e.g.,	a	functional	group	in	a	protein.	
Thus,	 analysis	 of	 indigenous	 CA-containing	metabolites	 can	 reveal	 information	








are	 extensively	 analyzed	 using	 mass	 spectrometry,	 however,	 they	 suffer	 from	 poor	
ionization	as	 they	 can	be	observed	only	 in	negative	 ion	mode.	 	Negative	mode	 in	MS	
suffers	 from	 poor	 ionization	 and	 can	 be	 a	 hindrance	 in	 analysis	 of	 moderate	 to	 low	
abundant	metabolites.		To	overcome	this	challenge	a	number	of	chemoselective	reagents	
that	 switch	 the	 negative	 charge	 on	 CAs	 to	 positively	 charged	 adducts	 have	 been	
























































	 Carboxylic	Acids	Maleic	 Fumaric	 Salicylic	 Sorbic	
ESI-MS/MS	operating	conditions	of	underivatized	acids	
Quadrupole	1	
(m/z)	 115	 115	 137	 111	
Quadrupole	3	




–4200	 –4200	 –4200	 –4200	
Declustering	
potential	(V)	 –25	 –30	 –30	 –40	
Collision	energy	
(eV)	 –14	 –12	 –24	 –14	
ESI-MS/MS	operating	conditions	of	derivatized	acids	
Quadrupole	1	
(m/z)	 688	 688	 710	 684	
Quadrupole	3	




5500	 5500	 5500	 5500	
Declustering	
potential	(V)	 95	 95	 100	 100	
Collision	energy	
(eV)	 55	 75	 50	 70	
	
































































CAs	 are	 also	 derivatized	 using	 hydrazine	 based	 reagents,	 for	 example,	 CAs	 are	
activated	using	a	mixture	of	triphenyl	phosphine	and	2,2′-dipyridyl	disulfide	(DPDS)	and	
then	derivatized	using	 2-hydrazinopyridine	or	 2-hydrazinoquinoline	 [64]	 (Scheme	1.8).		
The	reagents	are	isotopically	paired	to	facilitate	MS	analyses	following	chromatographic	


















x = 12 or 13
P Ph
Ph







































dimethylaminopropyl)carbodiimide	 [68]	 and	 then	 treated	 with	 amines,	 alcohols	 or	
hydrazines	 (Scheme	1.10)	 to	derivatize	the	activated	acid	metabolites	 [61,62,69].	 	This	
two-step	 derivatization	 process	 is	 not	 feasible	 for	 use	 in	metabolomic	 studies	 due	 to	



































The	 said	methods	 have	 been	 improved	 upon	 analytically	 but	 the	 chemistry	 of	






Unstable	 oil	 prices	 and	 negative	 effects	 of	 petroleum	 based	 products	 on	 the	
environment	 and	 the	 advantages	 of	 biomass	 towards	 sustainability	 of	 resources	 has	
accelerated	the	development	and	utilization	of	unused	biomass.		The	ability	to	re-grow	
harvested	 biomass	 and	 recapture	 the	 carbon	 emitted	 to	 the	 atmosphere	 through	
photosynthesis	allows	the	possibility	of	carbon	neutrality.		Abundant	plant	biomass		





























contains	 a	 number	 of	 important	 chemicals	 and	 has	 the	 potential	 to	 be	 a	 source	 of	
sustainable	energy	and	feedstock	for	downstream	chemical	derivatives	(Figure	1.11).		The	
chemicals	 in	 biomass	 hydrolyzates	 have	 a	 huge	 potential	 for	 production	 of	 fuel	
alternatives	 and	 chemical	 diversification.	 	 However,	 lack	 of	 economization	 of	 these	
processes	 have	 thus	 far	 limited	 the	 use	 of	 this	 abundant	 resource	 (Figure	 1.12).	 	 The	
utilization	of	biomass	for	chemical	manufacture	can	significantly	eliminate	the	harmful	
effects	of	fossil	based	chemicals	on	the	environment.	
Broadly,	 any	 organic	matter	 derived	 from	 agricultural	 or	 forestry	 sources	 in	 a	
recurring	 fashion	 is	 called	 biomass.	 	 Such	 organic	matter	mainly	 consists	 of	 products	
similar	 in	 composition	 to	 fossil	 feedstock	 [80].	 	Carbohydrates,	 cellulose	and	hemicell-























































towards	 renewable	 biomass	 resources	 for	 chemical	 manufacturing	 [91–93].	 	 Such	 an	
approach	will	help	maximize	the	value	of	biomass	and	minimize	by-products	[94,95].	
Lignocellulose	biomass	 is	 the	 source	of	many	 chemical	 entities	 that	 are	bound	
within	the	cellular	matrix	of	the	plant	material.		Thus	hydrolysis	of	biomass	give	access	to	









either	 their	 selective	 isolation	 or	 direct	 enzymatic	 conversion	 to	 hydrogen,	 ethanol,	
furfural,	etc.		Hydrolysis	of	lignocellulosic	biomass	releases	a	number	of	plant	metabolites	




of	 sugars	 and	 are	 reported	 to	 be	 toxic	 to	 the	 fermentation	 process.	 	 A	 plethora	 of	
techniques	 such	 as	 overliming,	 addition	 of	 nutrients	 to	 offset	 toxic	 inhibition,	 or	 ion	
exchange	have	been	employed	to	overcome	these	challenges.		However,	these	solutions	
not	only	raise	the	cost	of	sugar	isolation	but	cause	even	more	by-products	in	the	aqueous	
















The	method	 involves	 use	 of	 lipophilic	 boronic	 acid	 in	 organic	 solvents	 such	 as	


































These	 boronic	 esters	 are	 then	 stripped	 in	 an	 acidic	 aqueous	 solution	 to	 give	
aqueous	 sugar	 solution.	 	 This	 reactive	 solvent	 technology	 is	 frequently	 used	 prior	 to	




membrane	 with	 impregnated	 lipophilic	 carriers	 are	 used	 for	 sugar	 extraction.	 	 These	
supported	liquid	membranes	were	impregnated	with	cationic	lipids	or	lipophilic	boronic	
acids	(Figure	1.16)	and	placed	in	an	aqueous	buffered	solution	of	glucose	and	fructose.		
After	 24	 hours	 the	membranes	were	washed	with	 sugarless	 buffered	 solution	 and	 an	
enzymatic	assay	was	done	to	estimate	sugar	isolation.		The	reported	mechanism	for	such	
isolation	 is	 said	 to	be	 the	hydrogen	bonding	 interaction	between	 sugar	hydroxyls	 and	
chloride	counter	ion	of	the	quaternary	ammonium	carriers	[98].		As	expected	boronic	acid	
carriers	 in	 such	 experiments	 have	 been	 demonstrated	 to	 be	 the	 most	 reactive	 and	
selective	for	sugar	isolation.	 	Leaching	of	the	carriers	 into	aqueous	phase	is	a	common	
problem	with	these	techniques.			
Among	 all	 the	 technology	 invented	 for	 chemosensing	 or	 isolating	 sugars	 from	
either	a	medical	or	biomass	processing	perspective,	boronic	acids	seem	to	be	the	most	
effective.		The	pH	dependent	reversible	chelation	of	sugars	has	been	extensively	used	to	















biological	 functions	 in	 the	 human	 body.	 	 Owing	 to	 their	 versatility	 and	 importance	 in	
metabolic	 functions,	 the	 analysis	 of	 thiols	 has	 been	 targeted	 extensively	 in	 the	 past	
decade.		It	is	also	clear	from	the	methods	listed	in	this	chapter	that	there	is	a	need	for	




































enters	 the	metabolic	 pathways	 principally	 as	methionine,	 a	 thioether	 amino	 acid,	 via	
ingestion	 of	 plant	 and	 animal	 proteins.	 	 Besides	 metabolic	 and	 catalytic	 activities,	
metabolism	 of	 methionine	 leads	 to	 synthesis	 of	 higher	 thio-proteins	 via	 various	
transsulfuration	pathways	as	shown	in	Chapter	1	[99].		These	cellular	thiols	constitute	a	
major	 portion	 of	 total	 body	 antioxidants	 and	 are	 primarily	 known	 for	 their	 role	 in	
detoxification	 [100],	 signal	 transduction	 [101],	 apoptosis	 and	 defense	 against	 reactive	
oxygen	species	[102,103].		Mammalian	tissues	are	rich	in	protein	thiols	that	can	undergo	
chemical	modifications.		For	example,	protein	cysteine	(Cys)	residues	can	be	oxidized	to	




























Numerous	 reagents	 and	 techniques	 have	 been	 developed	 to	 analyze	 thiol	
metabolites/proteins,	 esp.	 glutathione.	 	 As	 discussed	 in	 chapter	 1,	 Ellman’s	 reagent,	




metabolites	 requires	 a	 freeze	 in	 redox	 perturbation	 of	 molecular	 thiols.	 	 This	 is	 best	
accomplished	using	thiol	selective	reagents	that	would	react	irreversibly	to	form	stable	
thiol	 adducts	 (Figure	 2.2).	 	 Such	 chemoseletive	 (CS)	 reagents	 are	 usually	 chemically	
modified	 to	suit	a	particular	analytical	 technique,	e.g.	 fluorescent	detection	 [119,120],	
colorimetric	assays	[121–123],	capillary	electrophoresis	[124],	electrochemical	detection	







using	 these	 probes	 are	 also	 useful	 for	 quantification	 of	 known	 metabolites	 using	
reference	standards.		However,	they	are	unsuited	for	quantifying	metabolites	when	no	
reference	standards	are	available,	or	 in	cases	where	 isotopic	 tracers	are	employed,	 to	
deduce	 metabolic	 pathways	 or	 flux;	 nor	 can	 they	 be	 used	 for	 elucidating	 new	 thiol	
structures.		The	accuracy	of	colorimetric	probes	is	sometimes	also	diminished	due	to	the	
interfering	cellular	matrix.			
In	 recent	 years,	 proteomic	 /	metabolomic	 studies	 of	 thiols	 have	 used	 isotopic	















CS = chemoselective reagent for thiols





resolution	 MS	 instruments	 [133].	 	 Thio-alkyaltions	 for	 these	 processes	 are	 usually	
conducted	 at	 high	 pH	 (8-9),	which	 compromises	 the	 chemoselectivity	 of	 the	 reagents	
causing	 alkylations	 of	 cellular	 amines,	 phenols	 and	 carboxylate	 salts	 leading	 to	 false	
positives	in	the	identification	of	cellular	thiols		[134].		For	applications	in	metabolomics,	






metabolites	 by	 direct	 infusion	 Fourier	 transform	 ion	 cyclotron	 resonance	 mass	
















credible	 molecular	 formula	 information,	 thus	 circumventing	 the	 need	 for	





isotopologue	 in	acetonitrile	 to	 lyse	cells	at	pH	4	or	7.4	 for	effectively	tagging	GSH	and	
other	thiol	metabolites	as	isotopic	pairs.		The	MS	of	such	cell	extracts	would	identify	thiols	
adducts	 by	manifesting	 equi-intensity	 peak	 pairs	 for	 each	 thiol	 adduct.	 	 This	 protocol	
considerably	simplified	the	data	analysis	of	observed	MS	peaks.		Another	major	criterion	
of	 this	 project	 was	 to	 use	 relatively	 mild	 conditions	 that	 did	 not	 degrade	 non-thiol	
metabolites	for	their	simultaneous	or	subsequent	detection.	

















can	react	with	thiols	at	 lower	pH	values	 (<5),	 the	reaction	would	be	selective	to	thiols	






m/z	 +	 4	 isotopologue	 (*QDE);	 b)	 to	 test	 the	 reactivity	 and	 selectivity	 of	QDE	 towards	
thiols;	c)	optimize	the	use	of	QDE/*QDE	for	analysis	of	thiols	in	cultured	cells;	d)	to	identify	





already	 having	 some	 research	 group	 experience	 with	 the	 design	 of	 a	 CS-reagent	 for	
carbonyls,	we	 hypothesized	 that	 a	 reagent	with	 the	 following	 four	 features	would	 be	
ideally	suited	for	high	throughput	and	accurate	analysis	of	thiols.		First,	a	reactive	moiety	
that	would	rapidly	block	any	thiol-disulfide	flux	by	irreversibly	reacting	with	thiols.		This	
functionality	 also	 had	 to	 be	 chemoselective	 towards	 thiols	 and	 not	 generate	 any	
















may	 assist	 in	 identification	 of	 new	 metabolites	 and	 provide	 the	 ability	 to	 accurately	










QDA – Quaternary ammonium Dodecyl
            dimethyl ethyl Aminoxy
Mattingly et al. 
Metabolomics 2012, 8, 989–996
A Carbonyl Capture Approach for Profiling
Oxidized Metabolites in Cell Extracts
QDE – Quaternary ammonium Dodecyl
            dimethyl Ethyl iodoacetamide
Gori et al. 
Analytical and Bioanalytical Chemistry 
2014, 406, 4371–4379
Profiling Thiol Metabolites and Quantification 

















with	 amines	 and	other	nucleophilic	 groups	 (albeit	 slowly)	 at	 higher	pH	and	 thus	 their	
chemoselectivity	may	be	compromised	[138,139]	unless	precautions	are	taken.		
To	develop	a	facile	experimental	technique	for	accurate	qualitative/quantitative	






























iodomethane.	 	 The	 presence	 of	 a	 (m/z	 +	 4)	 peak	 for	 every	 thiol	 adduct	 in	MS	 allows	
exclusion	 of	 false	 positives,	 and	 therefore	 a	more	 precise	 analysis	 of	 the	metabolites	
(Figure	2.6.).	 	For	example,	the	availability	of	an	m/z	 (QDE)	and	m/z	+	4.02188	(*QDE)	





T: FTMS + p ESI Full ms [300.00-1000.00]


















































Incorporation	 of	 stable	 isotopes	 into	 the	 downstream	 metabolites	 using	 precursors	
enriched	with	stable	isotopes	such	as	2H,	13C	or	15N	provides	vital	clues	regarding	disease	
mechanisms	 through	 the	 tracing	of	 isotope	enriched	metabolite	products	 through	 the	
various	metabolic	pathways	and	through	the	measurement	of	fluxes	[141].		Finally,	the	
availability	of	an	isotopically	labeled	probe	enables	the	synthesis	of	labeled	adducts	for	




The	 thiol	 reactive	 reagents	were	 synthesized	 from	 readily	available	 chemicals.	 	Amino	
phthalimide	 1	 was	 synthesized	 from	 N,N-dimethylethanolamine	 using	 a	 literature	
procedure	 (modified	 Mitsunobu	 reaction)	 [142].	 	 Alkylation	 of	 the	 amine	 in	 1	 was	




the	 alkylation.	 	Hydrazinolysis	 using	 hydrazine	monohydrate	 of	 the	 crude	phthalimide	
revealed	the	amine.		The	formation	of	amine	2	was	manifested	with	the	precipitation	of	
phthalhydrazide.	 	On	completion	of	 the	 reaction,	 the	 solvent	was	evaporated	and	 the	







Reagents	 and	 conditions:	 a.	 1-iodododecane,	 CH3CN,	 100	 °C,	 20	 h;	 b.	

























































To	 avoid	 this	 problem	 we	 first	 reacted	 amine	 2	 with	 chloroacetyl	 chloride	 and	 then	
treated	the	resultant	chloroacetamide	with	NaI	in	acetone	(Finkelstein	reaction	[143])	to	
give	iodoacetamide	QDE.		The	crude	material	was	purified	by	column	chromatography	to	











To	 introduce	 the	 isotopically	 labeled	methyl	 group,	 phthalimide	3	was	 treated	
with	13CD3I	in	DCM	in	a	sealed	tube.		Precipitation	indicated	rapid	alkylation	of	the	amine.		
Quaternization	of	the	amine	was	confirmed	by	the	downfield	shift	of	the	N-methylene	
and	 N-methyl	 groups	 in	 1H	 NMR	 at	 d	 3.5	 and	 d	 3.2,	 respectively.	 	 Furthermore,	
introduction	of	the	labelled	carbon	was	confirmed	by	the	coupling	of	the	carbon	observed	
in	13C	NMR	spectrum	at	51.4	ppm.			


















































To	 test	 the	 reactivity	 /	 selectivity	of	QDE	 towards	 thiols	 and	 to	optimize	 those	
reaction	 conditions	 we	 examined	 several	 parameters	 for	 reaction	 of	 QDE	 with	 the	




































































































































2	 out	 of	 4	 experiments	 at	 a	 given	 pH,	 which	 are	 listed	 in	 Table	 2.1.	 	 The	 structural	
assignments	for	the	highest	ion	count	metabolites	(entries	1-3)	are	in	agreement	with	the	
chemoselectivity	 of	 QDE,	 namely	 the	 4/4	 hit	 rate	 at	 pH	 4	 strongly	 supports	 the	 thiol	
assignments.		Collision	induced	mass	spectroscopy	(CID	MS/MS)	analyses	confirmed	the	
structural	 assignments	 as	 cysteine,	 cysteinylglycine	 and	 glutathione	 (Figure	 2.11.),	
respectively.		These	thiols	have	been	documented	previously	as	major	thiol	metabolites	








pH	 4.	 	 Whereas	 hypotaurine	 (Figure	 2.11.),	 a	 sulfinic	 acid	 intermediate	 of	 taurine	
biosynthesis	[149],	is	not	a	thiol,	it	reacts	similarly	due	to	the	nucleophilicity	of	the	sulfinic	
sulfur	atom	[150].		The	assignments	of	hypotaurine	and	homocysteine	(entries	4	and	5)	
















1	 C3H7NO2S	 4	 4	 121.01884	 0.00091	 1200443	 cysteine	
2	 C5H10N2O3S	 4	 4	 178.04046	 0.00077	 494591	 cysteinylglycine 
3	 C10H17N3O6S	 4	 4	 307.08321	 0.00061	 1492062	 glutathione 
	 Thiol	or	sulfinic	metabolites	(moderate	to	low	ion	count	abundance)f	
4	 C2H7NO2S	 4	 4	 109.01886	 0.00090	 32595	 hypotaurine		
5	 C4H9NO2S	 3	 4	 135.03451	 0.00090	 23527	 homocysteine	
6	 C11H19N3O7S	 2	 1	 337.09397	 0.00042	 14746	 tripeptide	comprised	of	Cys,	Gln	and	Ser	
7	 C12H21NO4S2	 0	 2	 307.09109	 0.00084	 56570	 succinyldihydrolipoamide	g	
	 Carboxylic	acid	or	amine	metabolites	g	
8	 C5H9NO4S	 	0	 4	 179.02439	 0.00085	 36528	 S-carboxymethylcysteine
		
9	 C6H10O6	 	0	 2	 178.04711	 0.00064	 82132	 ketodeoxygluconic	acid;	deoxyglucuronic	acid	
10	 C6H13NO2S	 	0	 2	 163.06593	 0.00078	 27324	 S-(2-carboxypropyl)cysteamine;	S-propylcysteine	
	 Unassigned	metabolite	
11	 C14H28O2	 	0	 3	 228.20821	 0.00073	 11379	 >	10	possibilities	




















































involved	 in	 the	 transfer	 of	 a	 succinyl	 group	 from	 oxoglutarate	 via	 the	 oxoglutarate	
dehydrogenase	 complex	 (α-ketoglutarate	 dehydrogenase	 complex)	 [151].	 	 This	 adduct	
was	registered	only	under	pH	7.4	conditions	at	which	thiol	alkylation	occurs	readily,	while	
at	pH	4	this	reaction	occurred	at	a	slower	rate	and	presumably	hydrolysis	of	the	labile	
thioester	 bond	 in	 succinyldihydrolipoamide	 prevented	 the	 buildup	 of	 the	 adducts	 to	
detectable	levels.		The	lack	of	QDE	adduct	formation	at	pH	4	for	the	metabolites	of	entries	












In	 response	 to	 stress,	 cells	 undergo	 perturbation	 of	 the	 thiol-disulfide	 levels.		







GSSG.	 	 For	 the	 latter,	 commonly	 used	 reducing	 agents	 include	 tris(2-
carboxyethyl)phosphine	 hydrochloride	 (TCEP●HCl)	 [156,157],	 dithiothreitol	
[158],trialkylphosphines	[159],	NaBH4	[160],	and	occasionally	sulfites,	cyanides	or	some	








phosphonium	 cation,	 adding	 excess	 of	 this	 reducing	 agent	would	 present	 a	 very	 high	




































We	 synthesized	 an	 isotopic	 internal	 standard	 [*QDE-GSH]+	 for	 intensity	
normalization	 and	 quantification	 purposes.	 	 Increasing	 concentrations	 of	 [*QDE-GSH]+	
were	 added	 to	 the	 cellular	 extracts	 to	 establish	 calibration	 curves	 while	 nullifying	
interferences	from	cell	matrices.		This	also	accommodated	for	any	sodiation	of	the	adduct	
in	 the	 extracts	 being	 analyzed.	 	 We	 found	 the	 linear	 range	 for	 quantification	 to	 be	
between	0.04	─	5.00	μM	of	[*QDE-GSH]+	with	regression	(R2)	values	consistently	over	99%	
for	three	replicate	experiments	(Figure	2.14.).		The	quantification	of	GSH	and	GSSG	was	
thus	 carried	 out	within	 this	 range.	 	 Three	 plates	were	 analyzed	 and	 each	 extract	was	










































































pairs	 that	 is	 readily	 processed	 for	 compound	 identification.	 	 The	 probe	 design	 and	
experimental	protocol	coupled	with	the	high	mass	accuracy	and	ultra-high	resolution	of	




glutathione,	 cysteine	 and	 cysteinylglycine.	 	 We	 also	 observed,	 for	 the	 first	 time,	 S-
alkylated	 hypotaurine.	 	 Finally,	 QDE	 and	 *QDE	 were	 readily	 applied	 for	 thiol	




is	 sometimes	 biased	 due	 to	 non-selective	 nature	 of	 such	 analyses.	 	 Our	 technique	
provides	more	 information	 about	 the	metabolites	viz.	m/z,	molecular	 formulae,	while	






































































































formation.	 	 The	extraction	of	 adducts	 in	n-BuOH	 to	 remove	other	 components	of	 the	
cellular	 matrix	 has	 now	 been	 replaced	 with	 a	 facile,	 micro-tip	 filtration	 technique	
developed	by	our	collaborator,	Dr.	Fan.		The	goal	of	this	research	is	to	develop	multiplexed	
analysis	 technology	 for	 use	 in	 high-throughput	 metabolite	 identification	 and	
quantification.	 	 A	 comparative	 study	 of	 healthy	 and	 diseased	 cells	with	 demonstrable	
differences	 in	metabolite	 intensities	would	 pave	 the	way	 for	 a	 diagnostic	 tool	 for	 the	

















































































































CAs	 are	 predominantly	 analyzed	 using	 gas	 chromatography	 coupled	 to	 mass	
spectrometry	 (GC-MS)	 after	 their	 chemical	 derivatization	with	 reagents	 such	as	boron	
trifluoride	 /	 butanol	 [184],	 hexamethyldisilazane	 [185],	 N-methyl-N-tert-
butyldimethylsilyltrifluoroacetamide	 [186]	 or	 N-methyl-N-trimethylsilyltrifluoro-














coupling	 reactions	 often	 require	 harsh	 reaction	 conditions	 that	 eventually	 lead	 to	
byproducts	and	degradation	of	metabolites	[191].		Other	techniques	include	fluorescence	
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exploit	 formation	 of	 a	 novel	 boron-based	 heteroaromatic	 nucleus	 that	 would	 render	






cationic	 charge	 similar	 to	 that	 in	 a	 pyrylium	 ion	 (frequently	 used	 for	 MS	 analysis	 of	
amines).	 	 Such	 chelation	 of	 CAs	 and	 the	 resultant	 charge	 switch	 due	 to	 formation	 of	
aromatic	cation	would	thus	enhance	their	ionization	in	MS	for	analyses.		Thus	we	set	out	
to	design	a	boron	based	CA	reagent	for	metabolomic	analysis	with	the	following	aims.			











if Y can contribute 2 electrons, then adduct would be
                              1.   Aromatic and 



















As	discussed	above,	existing	 technologies	 for	analysis	of	 carboxylic	 acids	 suffer	
from	added	interfering	ions	and	multiple	reaction	steps.		To	exploit	the	resolving	power	
(200,000	and	mass	accuracy	of	0.5	ppm	at	400	m/z)	and	high	sensitivity	(<40	nM	solutions)	





postulated	 that	 a	 reagent	 with	 a	 boron	 halide	 functionality	 would	 be	 ideal	 for	 initial	
reaction	of	carboxylate	salt	to	form	an	adduct.		A	reagent	with	two	such	motifs	joined	by	
a	suitable	linker	(i.e.	electron	donating)	could	promote	ring	formation	and	could	possibly	
be	 thermodynamically	driven	 (Figure	3.2,	a).	 	The	adduct,	as	postulated	 in	Figure	3.1.,	








and	 two	 electrons	 would	 be	 needed	 to	 achieve	 aromaticity	 (Figure	 3.2,	 b).	 	 Such	





























































classified	 as	 being	 aromatic	 [193,194].	 	 Interestingly,	 the	 B–B	 bond	 of	 azadiboriridine	
exhibits	basic	character	towards	acidic	protons	[195].	 	For	example,	CA-derived	proton	
can	add	to	the	B–B	bond	to	form	a	BHB	bond	(3	centered	2	electron	bond	–	indicated	by	





structures	 due	 to	 1,	 5	 sigmatropic	 migration	 of	 the	 hydride	 as	 shown	 in	 [197].	 	 This	
migration	is	fast	at	room	temperature	with	respect	to	NMR	time	scale.		These	molecules	




















reagents.	 	 A	 simpler	 more	 stable	 reagent	 was	 considered	 at	 this	 stage	 where	 the	
carboxylate	oxygens	would	displace	halide	atoms	(Figure	3.2).	 	To	prevent	reactions	at	
the	nitrogen	and	boron	sites,	substituent	groups	were	selected	to	be	bulky	alkyl	or	aryl	
groups.	 	 We	 envisioned	 that	 the	 halide	 substitution	 would	 be	 facilitated	 by	 a	 non-
nucleophilic	salt	(e.g.	AgBF4)	that	would	not	only	bind	the	halides	causing	dissociation	and	


































































reagent	 design	 was	 adopted	 for	 exploring	 CA	 chelation.	 	 Although,	 we	 expect	 the	
bis(chlorophenylboryl)	 mesitylene	 amine	 (BCMA)	 would	 be	 reactive	 towards	 other	
functional	 groups	 (viz.,	 amino	 acids,	 alkenes),	 a	 carboxylate	 adduct	 would	 form	 an	
aromatic	structure	with	a	net	positive	charge	and	thus	be	more	readily	detected	by	MS.		
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was	centrifuged	and	 filtered	 to	 remove	 the	precipitated	 lithium	chloride	 salts	and	 the	























distilled	 as	 it	 formed,	 thus	 driving	 the	 trans-stannylation	 (from	 diethyl	 amine	 to	
mesitylene	amine)	reaction.	
After	5	days	the	product	was	purified	via	a	short	path	distillation	at	170-176	°C	









a.  n-BuLi / hexanes
     –78 °C to rt / 20 min
 
b.  Me3SnCl / Et2O







2 PhBCl2 / CH2Cl2





150 °C / 5 days





























signal	 corresponds	 to	 intermediate	 Mes–N(BPhCl)(SnMe3),	 which	 did	 not	 convert	 to	














Although	BCMA	was	 contaminated	with	Me3SnCl,	we	 explored	 its	 tendency	 to	
form	the	targeted	heteroaromatic	ring	on	exposure	to	a	test	CA.		We	first	prepared	silver	












there	 is	no	 literature	on	the	target	heteroaromatic	boron	complex,	 these	NMR	signals	








































Crystallizations	 were	 carried	 out	 using	 the	 crude	 reaction	 mixtures	 and	 using	


















Mesitylene Amine Boron Fluoride
(MABF)









1	 BCMA	 AMB	 AgBF4	 CH2Cl2	 25		 16h	to	5d	 BF3•aniline	crystals	
2	 BCMA	 AMB	 AgBF4	 CH2Cl2	 reflux	 16h	 dark	soln.,	rxn	mix.	
dried	
3	 BCMA	 AMB	 AgBF4	 chlorobenzene	 25		 16h	to	5d	 bridged	oxygen	
complex	
4	 BCMA	 AMB	 AgBF4	 chlorobenzene	 80	 16h	 dark	soln.,	no	crystals	
5	 BCMA	 AMB	 -	 CH2Cl2	 25		 16h	to	5d	 no	crystals	
6	 BCMA	 AMB	 -	 CH2Cl2	 reflux	 16h	 no	crystals	
7	 BCMA	 AMB	 -	 chlorobenzene	 25		 16h	to	5d	 no	crystals	



































































































11B = δ 1.6 ppm



















































































	 AMB	 NaMB	 AgBF4	 Me3SnCl	 Me3SiCl	 BCl3	 BF3•Et2O	
1	 1.0	 -	 1.0	 -	 -	 -	 -	
2	 1.5	 -	 1.0	 -	 -	 -	 -	
3	 1.0	 -	 1.0	 1.0	 -	 -	 -	
4	 1.5	 -	 1.0	 1.0	 -	 -	 -	
5	 1.0	 -	 1.0	 2.0	 -	 -	 -	
6	 1.0	 -	 1.0	 -	 1.0	 -	 -	
7	 1.0	 -	 1.0	 -	 2.0	 -	 -	
8	 1.5	 -	 1.0	 -	 2.0	 -	 -	
9	 1.0	 -	 -	 -	 -	 -	 1.0	
10	 1.5	 -	 -	 -	 -	 -	 1.0	
11	 1.0	 -	 1.0	 -	 -	 1.0	 -	
12	 1.5	 -	 1.0	 -	 -	 1.0	 -	
13	 1.0	 -	 1.0	 1.0	 -	 1.0	 	
14	 1.5	 -	 1.0	 2.0	 -	 2.0	 -	
15	 -	 1.0	 -	 -	 -	 -	 1.0	
16	 -	 1.5	 -	 -	 -	 -	 1.0	

















Consequently,	 after	 the	 above	 attempts	 at	 synthesis	 of	 BOBF	 using	 AgBF4,	we	
decided	to	use	BF3•Et2O	(entries	9,	10,	15,	16).		Unfortunately,	once	again	the	NMR	data	





us	 similar	disappointing	 results.	 	 To	exhaust	all	options	 for	 the	 synthesis	of	 the	boron	







































































R–COOH	 group	 to	 form	 a	 cationic	 heteroaromatic	 structure.	 	 The	 synthesis	 of	 such	 a	
reagent	in	pure	form	proved	to	be	a	challenge	–	isolation	and	use	of	BCMA	proved	too	
difficult	to	be	of	practical	value	as	a	reagent	for	metabolomic	analyses.		Reaction	of	the	
crude	 reagent	 with	 a	 Ag-benzoate,	 however,	 did	 yield	 an	 interesting,	 previously	
unreported	product.		A	new	oxygen-bridged	diboron	species	was	characterized	by	X-ray	
crystallography.	 	 Similar	 bridged	 complexes,	 such	 as	 benzodiazaborines,	 have	 been	
recently	reported	to	have	antibacterial	properties	[208].		Similar	complexes	are	also	used	
in	 synthesis	 of	 organic	 electroluminescent	 devices.	 	 The	 ability	 of	 boron-based	














Ever	 increasing	 energy	 demands	 coupled	 with	 depletion	 of	 fossil	 fuels	 and	
regiopolitical	strife	in	mideastern	countries	have	compelled	energy	self-sufficiency	onto	
the	 US	 and	 encouraged	 development	 of	 alternate	 sources	 of	 energy	 in	 recent	 years.		
Lignocellulosic	 biomass	 is	 widely	 recognized	 as	 a	 possible	 alternative	 to	 supplant	 the	
traditional	energy	sources	[211,212].		Lignocellulosic	biomass	is	renewable,	inexpensive,	













Distillery,	 a	 bourbon	 whisky	 making	 company	 in	 Kentucky	 currently	 disposes	 off	 a	
grain/water	 mix	 byproduct	 that	 contains	 considerable	 amount	 of	 sugars	 [220].	 	 The	
growth	 of	 such	 companies	 further	 exacerbates	 the	 challenges	 involved	 with	 waste	
disposal.		The	high	concentration	of	hemicellulose	presents	in	DDG	hydrolyzate	makes	it	
attractive	 source	 of	 pentose	 sugars	 [221].	 	 This	 thesis	work	 aims	 to	 utilize	 this	waste	













































adequate	 solutions	 to	 the	 above	 mentioned	 challenges	 but	 limit	 the	 utility	 of	 the	




The	 affinity	 of	 boric	 acid	 and	 phenylboronic	 acids	 for	 simple	 diols	 and	
monosaccharides	was	first	reported	by	Lorand	and	Edwards	[233]	in	1959.		Since	then	the	
reversible	 reaction	 between	 boronic	 acids	 and	 divalent	 ligands	 has	 been	 extensively	
documented.	 	 Since	 boronate	 esters	 are	 generally	more	 Lewis	 acidic	 than	 the	 parent	





















































































These	esters	could	be	continuously	extracted	 in	an	organic	solvent	 to	concentrate	 the	
sugars	in	the	form	of	their	boronate	esters.		Consequently,	the	esters	could	be	subjected	











c)	 to	 identify	 a	 ligand	 for	 facile	 transesterification	 of	 sugar-boronates	 in	 order	 to	
precipitate	sugars	and	optimize	its	use;	d)	to	regenerate	and	recover	PBA	via	hydrolysis	






































the	 furanose	 conformer.	 	 As	 the	 reaction	 progresses,	 the	 chelation	 of	 xylo-furanose	
constantly	shifts	the	equilibrium	in	favor	of	the	furanose	form.		This	reaction	is	carried	out	
in	 presence	 of	 toluene	 which	 dissolves	 the	 boronates	 as	 formed,	 thus	 removing	 the	
product	and	driving	the	equilibrium	towards	more	ester	formation	(Scheme	4.1).	
Considering	 these	 criteria,	we	 tested	 esterification	 of	 xylose	 to	 xylose	 diesters	
(XDE)	in	the	pH	range	7.0	to	9.0	with	intervals	of	0.5	units	(Figure	4.4.).		DDG	hydrolyzate	
was	treated	with	a	methanolic	mixture	of	6	equivalents	PBA/xylose	(xylose	concentration	
was	 calculated	 using	HPLC	 data,	 Table	 4.2.)	 and	 toluene	 at	 a	 given	 pH	 value.	 	 As	 the	
reaction	progressed	XDE	formed	in	these	reactions	was	extracted	into	toluene	along	with	
unreacted	 PBA.	 	 The	 efficiency	 of	 XDE	 formation	 at	 a	 certain	 pH	 and	 extraction	 was	



















































































9.0	 0.25	 1.89	 3.93	 25.20	
8.5	 0.34	 1.89	 4.41	 28.24	
8.0	 0.33	 1.92	 4.34	 27.85	
7.5	 0.39	 2.09	 4.14	 26.52	




















































mg	 glucose	mL)	was	 treated	with	 incremental	 amounts	 of	 PBA	 (2,	 4,	 6,	 8,	 10	 and	 12	








































































12	 1.05	 91	 0.31	 65	 3.13	 70	
10	 1.58	 86	 0.43	 51	 3.91	 63	
8	 2.22	 80	 0.59	 33	 4.83	 54	
6	 3.13	 72	 0.67	 24	 5.81	 45	
4	 4.96	 56	 0.80	 10	 6.34	 40	



























Given	 our	 aim	 to	 precipitate	 crystalline	 sugars	 from	 toluene	 solution	we	 tried	





to	 displace	 a	 less	 hindered	 diol	 chelated	 to	 boronic	 acids	 to	 form	 a	 more	
thermodynamically	 favored	 boronate	 ester.	 	 For	 example,	 chiral	 (+)-2-phenyl[1,3,2]-	
dioxaborolane-4,5-dicarboxylic	 acid	 diisopropyl	 ester	 was	 easily	 transesterified	 using	


































6,	7),	precipitation	was	noted	almost	 immediately	after	addition	of	 the	aminodiol.	 	 1H	
NMR	analyses	confirmed	the	precipitates	were	adducts	 resulting	 from	nitrogen–boron	




































































Entry	 Diol	 Time	(h)	 D-Xylose	(%	yield)b	
1	 exo-2,3-norbornanediol	(1)	 18	 90	
2	 pinacol	(2)	 32	 80	
3	 propylene	glycol	(3)	 24	 97	
4	 ethylene	glycol	(4)	 24	 71	
5	 pentaerythritol	(5)	 48	 no	xylose	ppt	
6	 diethanolamine	(6a)	 8	 XDE–aminodiol	complexc	
7	 N-methyldiethanolamine	(6b)	 8	 XDE–aminodiol	complexc	
8	 Rochelle’s	salt	(7)	 48	 no	xylose	ppt	
aConditions:	 XDE	 (1	 eq.)	 and	 diol	 (2.0	 eq.,	 entry	 1;	 5.0	 eq.,	 entries	 2-8)	
reacted	in	toluene	at	room	temperature	for	the	indicated	time;	byield	of	
recovered	 xylose	 precipitate;	 caddition	 of	 the	 aminodiol	 causes	





































6a: R = H








excellent	 yield	 as	well	 as	 delivered	 the	 corresponding	 boronate	 complex,	 4-methyl-2-























OHH2O Ph B(OH)2+ +




After	 optimizing	 all	 the	 variables	 for	 sugar	 isolation	 from	DDG	 hydrolyzate	we	
tested	 the	 protocol	 at	 a	 semi-pilot	 scale	 using	 3.5	 L	 of	 hydrolyzate	 (Figure	 4.9.).	 	 The	





recover	 and	 recycle	 additional	 PBA.	 	 When	 PG	 was	 added	 to	 the	 toluene	 extract	
containing	XDE	and	ADE,	a	mixture	of	C5-sugars	precipitated	as	a	gum.		Trituration	with	
ethanol	 transformed	 the	 gum	 into	 crystalline	 solids	 that	 were	 readily	 collected	 by	
filtration.		Analysis	of	the	isolated	solid	sugar	mixture	indicated	a	ca.	5:1	ratio	of	D-xylose	
to	 L-arabinose.	 	 1H	 NMR	 spectral	 characterization	 of	 the	 precipitated	 sugar	 mixture	
indicated	 a	 high	 level	 of	 purity	—	no	 contamination	 from	other	 sugars	 or	 organic	 by-
products	from	the	DDG	hydrolyzate	were	noted	(Figure	4.10.).		The	1H	NMR	signal	at	~6.3	
and	 ~	 6.0	 ppm	 was	 characteristic	 for	 anomeric	 –OHs	 of	 D-xylose	 and	 L-arabinose,	
respectively.		The	overall	percentages	of	xylose	and	arabinose	isolation	were	calculated,	
based	on	 concentrations	measured	 in	 the	neutralized	hydrolyzate	 at	 the	onset	 of	 the	
process,	 and	 found	 to	 be	 48%	 and	 11%,	 respectively.	 	 HPLC	 analysis	 of	 the	 extracted	
hydrolyzate	revealed	a	xylose	depletion	of	93%	and	an	arabinose	depletion	of	60%,	thus	










































































































Xylose Extraction from DDG Hydrolyzate
Step 1 - XDE Formation
Chemicals M.W Concn Density Mole Mole ratio Volume Actual Volume Accumulated Wt Costs abs. cost Recovery
Cost post 
recovery
(kg/kmol) (kg/l) (kg/l) ratio Wt (kg) (L) volume (L) Ratio $/kg $ % $
Xylose (in DDG Hydrolyzate - Concn 18.6 mg/mL xylose) 150.13 0.0186 0.00031 1.00 0.0465 2.50 2.50 1.00
NaOH 40 0.00031 1.00 0.0124 0.00 2.50 0.27 0.70 0.009 0.000
Neutralize hydrolyzate using NaOH pellets to get pH = 7.5 
add celite and vacuum filter over a pad of celite 0.50
Phenylboronic acid - PBA 121.93 1 0.00248 8.00 0.3021 0.30 0.30 6.50 92.00 27.8 80.0 5.56
Add PBA to Hydrolyzate at 25°C 2.80
toluene 92.14 0.865 0.50 1.0813 1.25 4.05 13.00 28.1 100.0
methanol 32.04 0.791 0.20 0.3955 0.50 4.55 0.20 0.1 0.0 0.08
add toluene and methanol
Stir for 16h at 25°C
Phase separation, organic phase 1.40
Na 2 SO 4 142.04 0.0300 0.10 0.0 0.0
Dry the organic phase using Na 2 SO 4  then filter
Cool filtrate to -20°C for 5h then filter
Use filtrate for Step 2 - transesterification 1.40
Aqueous phase 2.80
HCl (37%) 36.46 1.2 0.01 0.0360 0.0300 2.83
Acidify aqueous phase with HCl, pH < 2.0
toluene 92.14 0.865 1.00 2.1625 2.50 5.33
toluene 92.14 0.865 1.00 2.1625 2.50 5.33
Wash aqueous phase with toluene (X 2), phase separate
Combine organic phases 5.00
Na 2 SO 4 142.04 0.0700
Dry the organic phase using Na 2 SO 4  then filter 5.00
Distill the volatiles 0.00
Solids (PBA) 0.00
M.W. of XDE= 321.9300 kg/kmol Stage 1 variable costs: 701.97 56.0 5.64
Theoretical Factor = 2.1443
Theoretical Yield = 0.099712 kg
Expected Yield = 0.07977 kg
% Yield = 80.0%
% Purity = 100.0%
Step 2 - Transestrification / Recycling
Chemicals M.W Concn. Density Mole Mole ratio Volume Actual Volume Accumulated Wt Costs abs. cost Recovery
(kg/kmol) (kg/l) (kg/l) ratio Wt (kg) (L) volume (L) Ratio $/kg $ %
Xylose diester (XDE) in toluene 321.93 0.000 1 0.00025 1.00 0.08 0.00 0.00 1.00
Propylene glycol 76.09 1.04 0.00124 5 0.09 0.09 0.09 7 0.6598893 100 0.0
Add propylene glycol and stir for 24h 0.09
decant toluene and distill to collect propylene glycol ester (PGE)
Diethyl ether 74.12 0.713 37.15 2.11 2.96 3.05 17.00 35.9 100.0 0.0
Add diethyl ether to the solids and stirr for 4 h
Filter the solids
Xylose 150.13
M.W. of xylose= 150.13 kg/kmol Stage 2 variable costs: 1512.81 36.6 0.0
Theoretical Factor = 0.4663 Total variable costs: 5.6
Theoretical Yield = 0.0372 kg
Expected Yield = 0.0242 kg 233
% Yield = 65.0%
% Purity = 100.0%





is	described.	 	The	salient	 features	 include	extraction	of	bis(boronic	ester)	adducts	 into	
toluene	 on	 treatment	 of	 neutralized	 hydrolyzate	 with	 PBA	 and	 a	 subsequent	
transesterification	procedure	 that	 results	 in	pentose	precipitation.	 	We	found	that	 the	
addition	 of	 propylene	 glycol	 to	 the	 extract	 is	 particularly	 well	 suited	 to	 induce	 sugar	
precipitation	 for	 ready	 collection.	 	 To	 our	 knowledge	 there	 is	 no	 other	 process	 that	
delivers	 sugars	 in	 crystalline	 form.	 	 Our	method	 delivers	 dry,	 crystalline	 sugars	 while	
regenerating	 the	 reagents	 and	 solvents	 used	 in	 the	 process.	 	 A	 preparative	 scale	
demonstration	delivered	48%	of	 the	 xylose	 content	 available	 in	 the	hydrolyzate	while	
nearly	80	%	PBA	is	recovered	using	a	simple	hydrolysis	procedure.		The	low	yield	can	be	
explained	 by	 possible	 degradation	 of	 the	 sugars	 in	 hydrolyzate	 and	 also	 some	
isomerization	during	PBA	reaction.		We	also	did	a	cost	analysis	for	the	isolation	of	sugars	
and	 found	 that	 PBA	was	 the	most	 expensive	 component	 in	 the	 reaction.	 	 Hence,	we	
checked	for	 its	availability	and	found	that	this	 is	a	cheap	and	readily	available	reagent	
available	 in	bulk.	 	Given	 that	pentoses	 can	 serve	as	 synthetic	precursors	of	numerous	


















































we	hope	 to	utilize	mathematical	modelling	 techniques	by	 systematically	 incorporating	
changes	 in	 time,	 solvents,	 boronic	 acids,	 transesterification	 diols	 and	 hydrolyzate	
concentration.		One	such	modelling	technique,	Design	of	Experiments,	developed	by	the	

















solvent	 purification	 system	 by	 LC	 Technology	 Solutions,	 Inc.	 (Salisbury,	 MA).	 	 CDCl3	
(99.8%)	was	purchased	from	Cambridge	Isotope	Laboratories	(Andover,	Ma.).			
NMR	 spectra	 were	 acquired	 on	 a	 Varian	 Inova	 400	 MHz	 spectrometer.	 	 FTIR	






was	 performed	 on	 an	 Eppendorf	 AG	 22331	 Hamburg	 vacufuge.	 	Melting	 points	were	
acquired	on	Fisher-Johns	melting	point	apparatus.	
Positive	 ion	 CID	mass	 spectra	were	 obtained	 using	 LTQ-IT	mass	 spectrometer.		
Standard	QDE	adducts	were	prepared	and	MSn	analyses	were	done	 independently	on	



















Reagents	 and	 conditions:	 a.	 1-iodododecane,	 CH3CN,	 100	 °C,	 20	 h;	 b.	
H2NNH2•H2O,	EtOH,	40	 °C,	12	h,	83%	 (2	 steps);	 c.	 chloroacetyl	 chloride,	
K2CO3,	CH2Cl2,	rt,	12	h;	d.	NaI,	acetone,	65	°C	(sealed	tube),	20	h,	78%	(2	
steps).	








































a	 total	 of	 12	 h	 at	 40	 °C	 before	 cooling	 to	 room	 temperature.	 The	 ethanol	 then	 was	




















cooled	 to	 room	 temperature,	 the	 tube	 was	 opened	 and	 the	 precipitated	 solids	 were	
filtered	 and	 washed	 with	 CH2Cl2.	 	 The	 combined	 filtrate	 was	 concentrated	 by	 rotary	
evaporation	 and	 the	 crude	 residue	 was	 dissolved	 in	 CH2Cl2	 (150	 mL).	 	 The	 resultant	
solution	was	washed	successively	with	aqueous	NaHCO3	solution	(2	x	150	mL),	aqueous	
NaHSO3	 solution	 (20	mL)	 and	 then	 brine	 (2	 x	 150	mL).	 	 The	 organic	 layer	 was	 dried	
(Na2SO4)	 and	 concentrated	 by	 rotary	 evaporation.	 	 The	 crude	 product	 obtained	 was	














e.	 chloroacetyl	 chloride,	 K2CO3,	 CH2Cl2,	 rt,	 12	 h;	 f.	 NaI,	 acetone,	 65	 °C	
(sealed	tube),	20	h,	32%	(2	steps).	
2-[2-(N-Dodecyl-N-methylamino)-ethyl]-isoindole-1,3-dione	 (3,	 Scheme	 5.2.).		
To	 a	 suspension	 of	 Na2CO3	 (4.79	 g,	 45.2mmol)	 in	 EtOH	 (200	 mL)	 was	 added	 2-
(methylamino)ethanol	(16.6	mL,	205	mmol)	and	dodecylbromide	(9.87	mL,	41.1	mmol).		
The	reaction	mixture	was	heated	to	reflux	for	24	h.		On	cooling	to	room	temperature,	the	






























dropwise,	 with	 stirring,	 diisopropyl	 azodicarboxylate	 (DIAD)	 (7.10	mL,	 36.2	mmol)	 via	
syringe.		The	reaction	mixture	was	stirred	an	additional	30	min	at	0	°C	and	then	allowed	
to	warm	to	room	temperature.	 	After	12	h,	 the	reaction	mixture	was	concentrated	by	





for	 another	20	minutes.	 	 The	organic	 layer	was	 separated	and	 the	aqueous	 layer	was	
extracted	 with	 Et2O	 (3	 X	 150	 mL).	 	 The	 aqueous	 layer	 then	 was	 cooled	 to	 0	 °C	 and	
neutralized	 by	 gradual	 addition	 of	 saturated	 aqueous	 NaHCO3	 solution.	 	 The	 neutral	
aqueous	 layer	was	extracted	with	CHCl3	 (3	X	70	mL).	 	The	combined	CHCl3	extract	was	
dried	(Na2SO4),	filtered	and	then	concentrated	by	rotary	evaporation.		The	crude	product	









[N-(13C1,2H3)]-N-(2-Aminoethyl)-N-dodecyl-N,N-dimethylammonium	 	 iodide	 (4,	











To	 a	 solution	of	 the	 ammonium	 iodide	prepared	 above	 (3.50	 g,	 6.75	mmol)	 in	
ethanol	(50	mL)	at	room	temperature	was	added	hydrazine	monohydrate	(1.40	mL,	27.0	
mmol).		The	reaction	was	warmed	to	40	°C	whereupon	a	white	precipitate	formed	within	















by	 rotary	 evaporation.	 The	 crude	 amide	 was	 dissolved	 in	 dry	 acetone	 (50	 mL)	 and	
transferred	 to	a	 sealed	 tube.	 	To	 the	solution	was	added	NaI	 (2.50	g,	17	mmol)	and	a	
magnetic	spin	bar.		The	tube	was	flushed	using	N2,	sealed,	and	then	heated	to	65	°C.		After	
stirring	20	h,	the	reaction	was	cooled	to	room	temperature,	the	tube	was	opened	and	the	






















all	 cysteine,	 as	 confirmed	 by	 negative	 mode	 FT-ICR-MS).	 Also,	 unreacted	 QDE	 was	
observed	in	the	spectrum.	
Solvent	optimization	for	adduct	extraction.		A	solution	of	L-cysteine	(200	μL	of	20	








analyzed	 by	 FT-ICR-MS.	 	 This	 process	 was	 repeated	 using	 the	 following	 solvents:	
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1640	 medium	 supplemented	 with	 4	 mM	 glutamine,	 0.2%	 glucose,	 10%	 fetal	 bovine	
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transferred	 carefully	 to	 the	 7	 mL	 PE	 vials	 and	 the	 lower	 organic	 layer	 (lipids)	 was	
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vortex	mixed	 occasionally	 to	 extract	 the	QDE/*QDE	 adducts	 of	metabolites,	 and	 then	
centrifuged	 at	 13000	 rpm	 for	 20	 minutes	 at	 4	 °C.	 	 The	 n-BuOH	 supernatant	 was	
transferred	 to	 another	 microfuge	 vial	 without	 disturbing	 the	 pellet.	 	 The	 n-BuOH	























at	 m/z	 =	 400	 (10%	 valley).	 Five	 ‘‘microscans’’	 (ICR-MS	 transients)	 were	 accumulated	
before	Fourier	transformation	to	produce	each	saved	spectrum;	thus	the	cycle	time	for	
each	transformed,	saved	spectrum	was	about	5	s.		The	LTQ-FT	was	tuned	and	calibrated	
according	 to	 the	 manufacturer’s	 default	 standard	 recommendations,	 which	 typically	
achieved	better	than	0.5	ppm	mass	accuracy	at	a	resolving	power	of	200,000	at	m/z	=	
400.		FT-ICR-MS	mass	spectra	were	centroided	by	Xcalibur	and	exported	as	exact	mass	








manually	checked	 to	ensure	 the	accuracy	of	 the	PREMISE	program.	 	The	masses	were	
compared	 across	 4	 experiments	 performed	 at	 both	 pH	 4	 and	 pH	 7.4,	 and	 those	
persistently	present	in	at	least	50%	of	the	experiments	were	retained.		In	the	final	step	









































L-cysteine	 (Cys)	 (0.04	 g,	 0.31	mmol)	 in	 pH	 7.4	 K-phosphate	 buffer	 (10	mL	 of	 a	 0.1	M	
solution).		After	stirring	at	room	temperature	for	12	h	in	the	dark,	5	μL	of	this	solution	was	
diluted	to	1	mL	using	MeOH,	vortexed,	centrifuged	for	10	min	at	13000	rpm	and	used	as	













































hypotaurine	 (HT)	 (0.02	g,	0.18	mmol)	 in	pH	7.4	K-phosphate	buffer	 (10	mL	of	a	0.1	M	
solution).		After	stirring	at	room	temperature	for	12	h	in	the	dark,	10	μL	of	this	solution	
was	diluted	to	1	mL	using	MeOH,	vortexed,	centrifuged	for	10	min	at	13000	rpm	and	used	




























(phosphate	 buffered	 saline)	 to	 remove	 medium	 components.	 	 After	 PBS	 removal	 via	
vacuum	suction,	cold	solutions	of	QDE	(360	and	220	nmol)	in	acetonitrile	(1	mL)	at	–20	°C	
were	added	to	the	control	plates,	to	quench	the	metabolism.		Then,	nanopure	water	(0.75	
mL)	was	 added	 and	 the	 cells	were	 scraped	 and	 collected	 into	 a	 15	mL	polypropylene	
conical	 centrifuge	 tube	 (Sarstedt,	Newton,	NC)	 containing	 three	 3	mm	diameter	 glass	








































(seven	 solutions	 from	 each	 plate)	 were	 analyzed	 by	 FT-ICR-MS	 to	 quantify	 reduced	
glutathione	(GSH).	
The	pellet	remaining	after	n-BuOH	extraction	was	dried	 in	a	vacuum	centrifuge	





extracted	 with	 n-BuOH	 (6	 x	 200	 μL)	 as	 described	 above.	 	 The	 n-BuOH	 extracts	 were	
combined	to	give	a	total	volume	of	1.2	mL.	 	This	n-BuOH	phase	then	was	divided	 into	
seven	equal	 fractions	 (7	 x	 145	μL	 )	 and	 increasing	 concentrations	 of	 the	 [*QDE-GSH]+	
standard	(4	μL,	10	μL,	20	μL,	60	μL,	100	μL,	300	μL	or	500	μL	of	10	μM	solution	in	MeOH)	










Bis(trimethylstannyl)mesitylamine	 4.	 A	 250	 mL	 two-necked	 round-bottomed	
flask	 equipped	 with	 a	 dropping	 funnel	 with	 a	 pressure	 equalizing	 side	 arm,	 a	 reflux	




of	 diethylamine	 in	 diethyl	 ether	 (6.6	mL,	 63.6	mmol)	was	 then	 added	 dropwise,	with	
stirring	over	a	period	of	15	mins.	 	This	reaction	mixture	was	allowed	to	warm	to	room	
NHEtEt
a.  n-BuLi / hexanes
     –78 °C to rt / 20 min
 
b.  Me3SnCl / Et2O







2 PhBCl2 / CH2Cl2





150 °C / 5 days






temperature	and	 then	a	solution	of	 trimethyltin	chloride	 in	diethyl	ether	 (12.6	g,	63.6	
mmol)	was	added	at	such	a	rate	as	to	cause	slow	reflux.		After	the	addition	was	complete,	
the	 reaction	 mixture	 was	 heated	 to	 reflux	 and	 stirred	 for	 another	 2	 hours.	 	 After	
completion	 of	 reaction,	 the	 mixture	 was	 cooled	 to	 room	 temperature	 and	 then	
centrifuged	at	1500	rpm	for	20	mins	to	separate	the	precipitated	solids.		The	solids	were	
washed	 with	 diethyl	 ether	 and	 the	 organic	 layers	 containing	 crude	
(diethylamino)trimethylstannane	were	combined.			
The	 crude	 was	 introduced	 into	 a	 two-neck,	 250	 mL	 round-bottomed	 flask	
equipped	with	a	magnetic	stirrer	and	a	short	path	distillation	unit.		2,4,6-trimethylanilne	
(4.1	mL,	29	mmol)	was	added	to	this	solution	at	room	temperature	using	a	syringe.		The	
solution	was	heated	 to	80	 °C	 for	1	hour	 to	 remove	 the	volatile	 solvents	and	 then	 the	
temperature	was	increased	to	150	°C	and	the	reaction	mixture	was	stirred	for	5	days.		As	
the	 reaction	 progressed,	 the	 generated	 diethylamine	 was	 distilled	 via	 short	 path	
distillation.		After	5	days	the	reaction	was	cooled	to	room	temperature	and	then	subjected	
to	fractional	distillation	using	a	12	cm	Vigreaux	column	at	200	°C	and	30	torr	pressure.		













































solution	 was	 analyzed	 using	 11B	 NMR	 spectroscopy.	 	 The	 boron	 signals	 showed	 a	
downfield	shift	 from	47	ppm	to	–8	ppm	and	–7	ppm.	 	This	proved	that	the	BCMA	had	
reacted,	however,	it	did	not	give	any	information	as	to	the	identity	of	the	product.		To	get	




































solvent	 diffusion	 technique	 using	 a	 combination	 of	 solvents.	 	 All	 crystallizations	were	
carried	 out	 under	 argon	 atmosphere.	 	 The	 crude	 was	 diluted	 in	 DCM	 to	 give	 a	
concentration	 of	 ~200	 mg	 of	 the	 product	 per	 mL	 of	 the	 solvent.	 	 ~2mL	 of	 this	 was	











Other	 solvents	 tried	 for	 crystallization	 include	chlorobenzene	 for	dissolving	 the	
product	 and	 hexanes,	 cyclohexane	 and	 n-heptane	 as	 the	 diffusing	 solvents.		
Chlorobenzene/hexanes	was	 found	to	be	the	best	binary	solvent	combinations	 for	 the	



























sugar	 solution	with	 the	 test	hydrolyzate	 solution	we	determined	 the	 concentration	of	











































After	 stirring	30	min,	 the	 resulting	 fine	 solids	were	 collected	by	 filtration	 to	obtain	D-
xylopyranose	(4.07	g,	97	%)	as	a	1:1.5	mixture	of	b:a	anomers	that	was	spectroscopically	
identical	 to	 previously	 published	 data	 [250].	 	 The	 decanted	 toluene	 layer	 was	
concentrated	 by	 rotary	 evaporation	 to	 obtain	 the	 corresponding	 boronate	 ester	 4-











Pretreatment.	 	DDG	hydrolyzate	 (5.0	L)	 stirred	 in	a	12	L	 round	bottom	flask	at	
room	temperature	was	basified	to	pH	7.5	by	slow	addition	of	NaOH	(21.4	g).		The	reaction	
solution	 then	was	centrifuged	 (IEC	 International	Centrifuge	 -	model	CS	at	3/4th	 speed	
setting	 for	20	min)	 followed	by	 filtration	of	 the	collected	supernatant	using	a	Büchner	




















were	allowed	 to	 settle.	 	 The	 toluene	 layer	was	decanted	and	precipitated	 solids	were	
rinsed	with	 toluene	 (140	mL).	 	 EtOH	 (300	mL)	 then	was	 added	 to	 the	 solids	 and	 the	
resultant	suspension	was	stirred	30	min	before	filtering.		The	solids	were	collected	and	
dried	 under	 vacuum	 at	 ambient	 temperature	 to	 afford	 a	 1:0.2	 mixture	 of	 D-
xylopyranose:L-arabinopyranose	as	a	crystalline	solid	(23.0	g).		The	decanted	toluene	layer	
and	 toluene	 rinse	 solution	were	combined	and	concentrated	by	 rotary	evaporation	 to	
obtain	PGE	(166	g).			
PGE	Hydrolysis.	 	 To	PGE	 (166	g,	1.02	mol)	was	added	water	 (664	mL)	at	 room	
temperature.	 	After	 stirring	18h,	 the	precipitated	 solids	were	 collected	by	 filtration	 to	
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	 x	 y	 z	 U(eq)	
	 	 	 	 	
F(1)	 3808(1)	 2517(2)	 6679(1)	 20(1)	
O(1)	 2986(1)	 14528(2)	 9591(1)	 20(1)	
O(2)	 4005(1)	 6091(2)	 7512(1)	 15(1)	
O(3)	 5168(1)	 6179(2)	 8275(1)	 15(1)	
O(4)	 5000	 2116(3)	 7500	 15(1)	
C(1)	 3368(1)	 12753(3)	 9231(1)	 16(1)	
C(2)	 2893(1)	 11759(4)	 8648(1)	 19(1)	
C(3)	 3228(1)	 9879(4)	 8260(1)	 18(1)	
C(4)	 4049(1)	 8995(3)	 8447(1)	 15(1)	
C(5)	 4520(1)	 10075(3)	 9020(1)	 16(1)	
C(6)	 4188(1)	 11930(3)	 9415(1)	 17(1)	
C(7)	 4425(1)	 6991(3)	 8052(1)	 14(1)	
C(8)	 3423(1)	 15252(4)	 10226(1)	 21(1)	














































































	 U11	 U22	 U33	 U23	 U13	 U12	
	 	 	 	 	 	 	
F(1)	 21(1)	 19(1)	 21(1)	 -2(1)	 4(1)	 -3(1)	
O(1)	 19(1)	 25(1)	 18(1)	 -5(1)	 6(1)	 5(1)	
O(2)	 16(1)	 15(1)	 15(1)	 -1(1)	 5(1)	 0(1)	
O(3)	 16(1)	 14(1)	 16(1)	 0(1)	 5(1)	 1(1)	
O(4)	 17(1)	 12(1)	 18(1)	 0	 6(1)	 0	
C(1)	 18(1)	 14(1)	 18(1)	 1(1)	 9(1)	 1(1)	
C(2)	 14(1)	 23(1)	 20(1)	 0(1)	 5(1)	 2(1)	
C(3)	 17(1)	 20(1)	 17(1)	 0(1)	 4(1)	 -1(1)	
C(4)	 18(1)	 12(1)	 15(1)	 3(1)	 7(1)	 0(1)	
C(5)	 15(1)	 17(1)	 17(1)	 2(1)	 5(1)	 2(1)	
C(6)	 19(1)	 17(1)	 16(1)	 0(1)	 5(1)	 -1(1)	
C(7)	 16(1)	 11(1)	 17(1)	 4(1)	 6(1)	 -2(1)	
C(8)	 21(1)	 24(1)	 20(1)	 -5(1)	 7(1)	 3(1)	









x	 y	 z	 U(eq)	
H(2)	 2335(11)	 12330(40)	 8515(8)	 25(4)	
H(3)	 2902(9)	 9200(40)	 7863(8)	 17(4)	
H(5)	 5095(10)	 9560(40)	 9145(8)	 23(4)	
H(6)	 4525(9)	 12630(40)	 9807(8)	 16(4)	
H(8A)	 3563(10)	 13280(40)	 10476(8)	 23(4)	
H(8B)	 3906(11)	 16510(40)	 10216(8)	 29(5)	













































































































process	 allows	 isolation	 of	 crystalline	 pentoses	 at	 ambient	 conditions	 while	 recycling	 the	




















• Supervised	synthetic/semi-synthetic	 reactions	 for	preparation	of	natural	product	analogues	




























































HPTLC	 Densitometric	 Quantification	 of	 Berberine,	 Curcumin,	 Piperine,	 Gallic	 Acid	 and	
Ellagic	Acid	from	Eladya	Modaka			
Oral,	National	Symposium	on	Medicinal	Plants,	Surat,	Gujarat,	India		
9	Jun,	2010	
(1)	 SS	Gori		
Green	Chemistry			
Oral,	University	Grants	Commission	State	Level	Seminar,	Kadi,	Gujarat,	India		
27	Feb,	2008		 	
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Berea	College,	101	Chestnut	St.,	Berea,	KY,	USA		
9	Jul,	2015	
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225	
TEACHING	EXPERIENCE	
University	of	Louisville,	Department	of	Chemistry	 2011–2015	
• Lab:	Organic	Chemistry	Lab	I	&	II	(CHEM	343	&	344)	–	Fall	2015,	Spring	2014,	Spring	2012,	Fall	
2011	
• Lab:	Synthesis	and	Analysis	I	(CHEM	528)	–	Spring	2015		
• Lab:	Separations	and	Spectroscopy	(CHEM	527)	–	Fall	2012	
• Recitation:	General	Chemistry	(CHEM	201)	–	Spring	2011	
National	Institute	of	Pharmaceutical	Education	and	Research,	Dept.	of	Natural	
Products	 2009–2010	
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• Supervise	MS	pharmacy	students	in	synthetic	labs	and	dissertation	work		
COMPUTER	SKILLS	
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• Languages	(fluent):	English,	Hindi,	Gujarati			
		
226	
REFERENCES	
Dr.	Michael	H.	Nantz	
Professor	&	Chair	
Department	of	Chemistry	
University	of	Louisville,	KY,	USA	40208	
Phone:	(502)	852-8069	(GMT	-5:00	h)	
Email:	michael.nantz@louisville.edu	
	
Dr.	David	Voigtlaender	
Director,	Innovation	Management	PRD	
Health	&	Nutrition	Business	Unit,		
Evonik	Industries,	Rodenbacher	Chaussee	4	
Hanau-Wolfgang,	Germany	63457	
Phone:	+49	(6181)	59-3093	(GMT	+2:00	h)	
Email:	david.voigtlaender@evonik.com	
	
Dr.	Whei-Mei	Teresa	Fan	
Director,	UK-CREAM	
Dept.	of	Toxicology	and	Cancer	Biology	
789	S	Limestone,	BioPharm	Complex	531	
University	of	Kentucky,	KY,	USA	40536	
Email:	teresa.fan@uky.edu	
Dr.	Xiao-An	Fu		
Associate	Professor	
JB	Speed	School	of	Engineering		
University	of	Louisville,	KY,	USA	40292		
Phone:	(502)	852-6349	(GMT	-5:00	h)		
Email:	xiaoan.fu@louisville.edu		
	
Dr.	Xiang	Zhang	
Director,	CREAM	Center	
Analytical	Chemistry:		
Bioanalytical	Chemistry	&	Bioinformatics	
University	of	Louisville,	KY,	USA	40208	
Phone:	(502)	852-8878	(GMT	-5:00	h)	
Email:	xiang.zhang@louisville	
